Extremely premature infants are at great risk for poor neurodevelopmental outcomes, in part because neurologic structures designed to mature in the womb must now do so in the extrauterine environment. Reliable biomarkers of neurodevelopment are especially critical in this population, as behavioral measures can be unreliable due to immaturity of the premature infant nervous system. Oxytocin (OT) has the potential to be a marker of neurobiological processes that offer infant neuroprotection. However, no studies have measured OT in the plasma and urine of premature infants. The purposes of this study were to describe plasma and urine OT levels of premature infants through 34 weeks corrected gestational age (CGA), determine whether plasma and urine OT are correlated, and explore associations between infant demographics and OT trajectories. Plasma and urine from 37 premature infants, born at gestational ages 25-28 6/7 weeks, were longitudinally collected at 14 days of life, then weekly until 34 weeks CGA. Plasma OT decreased with age, at a rate of 15% per week, and exhibited strong stability within infants. Urine OT was not correlated with plasma OT and did not show a significant trend over time; thus, urine may not be a reliable, noninvasive measurement in this population. Apgar score was the only infant demographic characteristic associated with plasma OT. Given the novelty of this work, replication is needed to confirm these findings, and future research should explore potential mechanisms (e.g., stress, normal maturation, and social experiences) that contribute to declining plasma OT levels in premature infants.
Prematurity is the largest contributor to morbidity and mortality in perinatal health care, with neurologic deficits being one of the most significant morbidities. Extremely premature infants, those born at 28 weeks gestation or less, are the most vulnerable population for experiencing brain injury and/or altered brain development that result in a range of neurodevelopmental deficits. For example, up to 70% of these infants display white matter abnormalities on magnetic resonance imaging, and 75% display atypical neurodevelopment at 5 years of age (Jarjour, 2015) . Moreover, improvements in the rate of neurologic morbidities have not kept pace with decreases in mortality. These morbidities place considerable burden on families, the health-care system, and society.
Because of the severe immaturity of the nervous systems of extremely premature infants, the effectiveness of behavioral evaluation of neurodevelopmental status is limited during the first months of life. Extremely premature infants have difficulty coordinating motor responses to the stimuli of behavioral evaluation, and behavioral exams can be very stressful for the infants. Thus, there is a critical need for noninvasive neurobiological markers in this infant population to allow for the accurate evaluation of neurologic risk, developmental progression, and response to nursing interventions.
We hypothesize that the hormone oxytocin (OT) has the potential to be a neurobiological marker for early identification of neurodevelopmental risk in these vulnerable infants. OT is neuroprotective at birth through its effect of decreasing neuronal excitability to perinatal events such as anoxia and seizures (Leonzino et al., 2016; Tyzio et al., 2006; Vargas-Martínez, Uvnäs-Moberg, Petersson, Olausson, & Jiménez-Estrada, 2014) . OT contributes to a range of neurologic functions, including modulation of infant social behaviors (Weisman, Zagoory-Sharon, & Feldman, 2012) , affiliation (Feldman, 2012) , and bonding (Nagasawa, Okabe, Mogi, & Kikusui, 2012) . OT also has significant vascular effects, including reducing blood pressure (Gutkowska, Jankowski, & Antunes-Rodrigues, 2014) , inflammation (Yuan et al., 2016) , and metabolic rates (Chaves, Tilelli, Brito, & Brito, 2013) . In animal models, these protective vascular effects promote healing after brain insults such as infarction (Karelina et al., 2011) or hypoxia (Ceanga, Spataru, & Zagrean, 2010) , insults that are common in the extremely preterm population. Researchers have proposed that the OT-based physiologic regulation of autonomic and neurovascular parameters is the foundation of infant self-regulation (Feldman, 2006) .
In animal models, the OT system undergoes significant maturation during early fetal life and infancy (Vargas-Martínez et al., 2014) . OT is present in human fetal brain tissues as early as 14 weeks gestation, and its levels significantly increase throughout the course of gestation in areas of the brain such as the pituitary and the hypothalamus (Burford & Robinson, 1982) . Investigators have not measured OT longitudinally in fetal umbilical plasma, but cross-sectional measurements have been successful in fetuses near the time of labor (Kuwabara, Takeda, Mizuno, & Sakamoto, 1987) . In healthy, term human infants, OT is measurable in plasma (Kuwabara et al., 1987 ), urine (White-Traut, Powlesland, Gelhar, Chatterton, & Morris, 1998 , saliva (Feldman, Gordon, & Zagoory-Sharon, 2010) , and cerebral spinal fluid (CSF; Clark et al., 2013) . While the neuroprotective properties of OT suggest promising applications for vulnerable infant populations, we found only one study in which researchers reported measuring OT in the saliva of premature infants (Kommers et al., 2017) . Unfortunately, the saliva samples that researchers obtained in the Kommers's study had insufficient volumes, resulting in the decision to pool saliva samples from multiple infants for analysis. Our team also had difficulty obtaining sufficient saliva for OT analysis, and thus, we did not include the saliva collection method in the current study design. There is still considerable controversy about the accuracy of measuring salivary OT in human populations.
Measurement questions need to be addressed before future studies measure OT in younger infant populations. First, longitudinal studies of infant OT levels have not been conducted, and thus, it is not known whether maturational changes exist in peripheral OT. Controlling for maturational changes in research designs enrolling premature infants is especially critical because brain growth is at its highest rate during neonatal intensive care unit (NICU) hospitalization. Second, individual stability of OT during early infancy is unknown, although peripheral levels of OT (i.e., plasma, urine, and saliva) are stable in children and adults (Feldman, Gordon, Influs, Gutbir, & Ebstein, 2013) . Additional research on the stability of OT during infancy is needed because rapid developmental changes in the infant's nervous and endocrine systems may affect stability of peripheral OT levels.
Finally, it is not known whether using specimens that require less invasive collection methods, such as urine, can be used as a substitute for plasma when measuring OT in infant populations. Using urine as a means of measuring OT levels in premature infants is especially appealing because of low circulating blood volumes in this population (*90 ml/kg) and the increased risk of anemia due to additional blood draws. Urinary clearance studies administering intravenous OT show that OT is reliably transferred from plasma and excreted in the urine of adult human males (Amico, Ulbrecht, & Robinson, 1987) , primates (Seltzer & Ziegler, 2007) , dogs (Mitsui et al., 2011) , and rodents (Polito, Goldstein, Sanchez, Cool, & Morris, 2006) . Results of human correlational studies are mixed, with some indicating positive correlations between plasma and urinary OT (Amico et al., 1987; Francis, Kirkpatrick, de Wit, & Jacob, 2016) and others showing no relationships (Feldman, Gordon, & Zagoory-Sharon, 2011; Hoffman, Brownley, Hamer, & Bulik, 2012) . Additionally, research has shown that urinary OT levels increase after exposure to conditions known to stimulate OT release: Urinary OT level increased from baseline in human children after social contact with their mothers (Wismer Fries, Ziegler, Kurian, Jacoris, & Pollak, 2005) , in human adults after social interaction with their dogs (Nagasawa, Kikusui, Onaka, & Ohta, 2009) , and in primates after group interaction (Seltzer & Ziegler, 2007) , though urinary OT levels did not increase in foster mothers cuddling their infants for 30 min (Bick, Dozier, Bernard, Grasso, & Simons, 2013) or in termborn infants receiving massage (White-Traut et al., 1998) . Because of the difficulty of serially timing urine collection without invasive catheterization, urinary OT may be more appropriate for correlation studies in premature infants or designs that measure changes in basal levels over time. Additional studies examining the correlation between OT levels in plasma and urine need to be conducted in the premature infant population because immaturity of their kidneys may affect processing of neuropeptides such as OT.
Because measurement of plasma and urinary OT in premature infants has not been reported in the literature, the feasibility and reliability of OT measurement in this population are not known. The purpose of the present study was to measure plasma OT in the extremely preterm population and describe its longitudinal developmental trajectory and stability within the complex NICU environment. We explored associations between infant demographics and plasma OT levels to determine whether plasma OT differed by infant characteristics. The second purpose of this study was to compare OT levels in plasma and urine to assess whether urine can be used as a noninvasive measure of OT in premature infants. This study represents a critical first step for future studies that might use OT as a biomarker in vulnerable infant populations by addressing measurement issues related to maturational changes, stability over time, and specimen substitutes for plasma.
Method Sample
We recruited a convenience sample of premature infants from three Midwestern Level III NICUs. Inclusion criteria included English-speaking mothers who gave birth to premature infants at ages ranging from 25 to 28 6/7 weeks (i.e., 28 weeks and 6 days or less than 29 weeks) gestation. Exclusion criteria were chosen due to their influence on infant brain development and/or neurobiological processes: history of maternal drug abuse, presence of major congenital or chromosomal abnormality, Grade 3 or 4 intraventricular hemorrhage, hypoxic ischemic encephalopathy, metabolic disorders involving the adrenal system, and necrotizing enterocolitis requiring surgical intervention.
We conducted a power analysis using a standard formula (Laird, Donnelly, & Ware, 1992) in which we inferred conservative estimates from cross-sectional studies with term infants (Feldman et al., 2010; Weisman et al., 2012) . Using these studies, we assumed OT measurements would have a standard deviation of 31.6 pg/ml, a linear change over time of 9 pg/ml per week, and a correlation of 0.2 between repeated measurements from the same infant. With these levels and, on average, five measures per infant, we determined that a sample of 50 infants would provide at least 80% power to detect a positive rate of change in OT level.
Procedure
The principal investigator approached mothers directly during their infants' first 2 weeks of life to invite them to participate. Figure 1 presents the results of the recruitment process. Over a period of 2 years, 187 infants were screened, with 44% of them meeting study exclusion criteria. This exclusion rate highlights the extreme vulnerability of our patient population. In addition, we did not approach the parents of 16% of infants who were eligible for the study due to inconsistency in parent schedules and visitation. Among those parents whom we approached to participate in our study, our recruitment rate was 57%, a percentage that is quite high for this vulnerable population. Parents declined participation generally due to overwhelming stress or lack of interest in the study. All participating mothers signed a written consent form approved by the institutional review boards of the academic institution and participating clinical sites.
Sample collection started on approximately Day of Life 14, then continued weekly until the infant reached 34 weeks corrected gestational age (CGA). We stopped measurements at 34 weeks CGA to ensure that all infants would still be hospitalized and available for sample collection. Sample collections occurred between the hours of 2300 and 0200 to control for potential diurnal variation of OT. Although a nocturnal increase in plasma OT exists in human pregnant women (Fuchs, Behrens, & Liu, 1992) , it is not known whether a diurnal variation in OT exists for infants. We collected urine (about 1-3 ml) using a cotton ball placed in the diaper during the diaper change just prior to data collection. Blood collection was concurrent with blood draws required for clinical treatment and occurred by heel stick unless the infant had an arterial line. We performed no additional blood draws for the purposes of this research. We collected approximately 0.3 ml of blood into a chilled ethylenediaminetetraacetic acid (1mg/ml) microtainer tube (Becton, Dickson, & Company, Franklin Lakes, NJ) containing aprotinin (10 ml/ml of blood). We collected all samples before feedings, as OT levels are influenced by the act of suckling and digestion. Continuous feeds were not a standard of care for the recruitment sites, thus no participating infants were receiving continuous feeds. After collection, we immediately placed samples on ice, processed them, and transferred them to a locked À80 C freezer.
Measures
Plasma and urinary OT. We measured plasma and urinary OT using an extraction-free, commercially available kit (KIT S-1355.0001; Peninsula Laboratories International, Inc., San Carlos, CA). Samples were not extracted due to safety and ethical concerns of taking larger amounts of body fluids from medically fragile infants. Samples were immediately placed on ice, transported to the laboratory, and then centrifuged at 4 C and 2,000 g for 10 min within 1 hr of collection. Supernatants were collected and stored at À80 C until analysis. We assayed samples in batches to minimize the time they spent in storage. To avoid interassay variation, we assayed samples from the same infant simultaneously, and we performed all measurements in duplicate. Intraassay coefficient of variation for the study was 12%. We measured creatinine concentrations using a commercially available kit (QuantiChrom Creatinine Assay Kit: DICT-500; Bioassay Systems, Hayward, CA) and normalized urinary OT levels to total creatinine. We did not normalize blood for protein content, as we had measured a portion of samples for protein and found that levels changed minimally and would not affect analysis. We analyzed data using GraphPad Prism software (version 6).
Demographics. We extracted demographic characteristics for infants and their mothers from the electronic medical record or, for those that were not documented, we obtained information through a questionnaire (e.g., maternal education, income).
Data Analysis
We chose an overall a level of .05 for analysis. We transformed OT levels using the natural logarithm to mitigate skew in the distribution of the data. To describe the overall mean trajectory of OT levels as well as infant-level trajectories over time, we used linear mixed models (LMMs). LMMs account for the possible correlation of repeated measurements from infants while allowing for missing data as well as variability in the number and spacing of observations from different subjects. We assumed CGA (Age) to be a continuous time variable centered at 27 weeks CGA to coincide with the earliest time we would collect data in our study.
The model form is as follows:
In the model, i indexes the infant and t the CGA. The two b terms (b 0 , b 1 ) are fixed effects providing the mean intercept and slope coefficients. The two b terms (b 0i , b 1i ) are random effects, which adjust the mean parameters for infant-specific variation in OT trajectory. Infant-specific trajectories provide estimates of the between-infant variation in overall OT level (random intercepts) and its rate of change over time (random slopes). We estimated fluctuation of OT levels about an infant's trajectory by the variation in E, which estimates scatter of infant i's data about his or her linear fit.
For our exploratory analysis investigating associations between plasma OT levels and infant demographics, we used a series of LMMs similar to the model above to study the effect of each infant demographic and its respective interaction with age. In each model, CGA (Age) was again centered at 27 weeks. We individually tested the following covariates and their interactions for significance: birth weight (centered at 500 g), gestational age at birth (centered at 25 weeks), gender (female ¼ 0), and Apgar score. The model form is as follows:
In the model, X ji is the value of a predictor j for infant i (e.g., birth weight) and b kj is the model parameter for the kth term (k ¼ 0 or 1) for the jth predictor.
We used a bivariate random intercepts model to estimate the correlations between plasma and urinary OT levels on average and over time. The model form is as follows:
Y denotes the sample source as plasma and W as urine. The model permits an unstructured covariance structure for the E terms, from which the correlation estimates between plasma and urine within an infant over time were derived. The covariance of the random effects permitted estimates of the average correlation between plasma and urine in an infant.
Results
After recruiting 37 premature infants over a period of 2 years, we conducted an interim statistical analysis to determine whether additional recruitment would be necessary to adequately address the study aims. In comparison to our original power analysis parameters, we found a larger standard deviation of 50 pg/ml in plasma OT levels, a smaller number of observations per infant (three time points), and a larger correlation between repeated measurements of 0.3. We also found a much larger effect in the change of OT levels per week (see below). Results of this interim analysis showed that we had achieved enough statistical power to detect clinically significant results if they existed in our sample after enrolling 37 infants and their mothers, so we closed recruitment. We present demographic characteristics and descriptive statistics for our sample in Table 1 and summary statistics for the values of plasma and urinary OT in Table 2 . Figure 2 depicts the distribution of plasma and urinary OT observations across CGA, with an overlapping Lowess curve indicating trend across CGA. When considering all the possible time points after infant enrollment (n ¼ 187), intermittent missingness was 47% and 26% for plasma and urinary OT levels, respectively. Numerous factors contributed to missingness for plasma samples, including labs not being ordered for the week (heel sticks were not conducted in infants exclusively for the study), low hemoglobin and hematocrit (blood was not taken in these instances due to patient safety), bleeding from the heel stick stopped prematurely (additional heel sticks were not allowed), or labs were ordered at nonstandard times due to changes in patient health status or the plan of care. Missingness factors for urine samples included low urine output, movement of the cotton balls out of the diaper, contamination with stool or barrier cream, and protocol deviation due to the bedside nurse not placing the cotton ball in the diaper. Table 3 presents the LMM describing the trajectory of plasma OT levels. These levels significantly decreased with the increase in chronological age at a rate of about 15% per week (b ¼ À.15, p ¼ .006), and values demonstrated strong stability within infants, as calculated by an intraclass correlation coefficient (ICC) of .75 (95% CI [0.44, 0.92]). Due to the lower incidence of birth at 25-26 weeks gestation, we captured less data from 27 to 29 weeks gestation than from subsequent weeks, as depicted in Table 2 and Figure 2 . During these early weeks with fewer data points, plasma OT appears to increase. However, LMM is not only robust to missing data but also accounts for significant variability in observations per week by weighting weeks with less data toward the sample mean.
Infant Apgar scores at 5 min of life, and the interaction with age, were significantly associated with plasma OT levels (Table 4) . Specifically, higher Apgar scores were associated with higher OT levels at 27 weeks CGA (b ¼ .28, p ¼ .02), and infants with higher Apgar scores had greater declines in plasma OT levels with age (b ¼ À.06, p ¼ .01 Neither the correlation between the average levels of plasma and urinary OT (r ¼ .31, p ¼ .14) nor the correlation of plasma and urinary OT levels within an infant over time (r ¼ .19, p ¼ .54) was statistically significant. There was no evidence that urinary OT levels changed with age (b ¼ .04, p ¼ .58; Table 3 ). Urinary OT levels exhibited wide variability across infants, but values were stable within infants, with an ICC of .62 (95% CI [0.23, 0.90]). Table 5 presents the variances and covariances of the random effects and residuals of the bivariate random intercept model, from which we derived the estimates of the correlations.
Discussion
The purpose of the present study was to measure plasma OT in extremely preterm infants and describe its developmental trajectory and stability over time. We also explored associations between infant demographic characteristics and plasma OT levels to see whether OT levels differed by characteristics of the infant. Finally, we compared OT levels in plasma and urine to explore the possibility of using urine as a valid specimen for measuring OT noninvasively in premature infants. This study represents a critical step in neurobiological research in premature infants by confirming that OT levels are measurable in plasma and urine of premature infants and by providing preliminary evidence that plasma OT can be used as a reliable biomarker in this population.
Regarding our first aim, results demonstrate that plasma OT significantly decreased with age with a large effect size. To our knowledge, this is the first assessment of the trajectory of plasma OT levels in living infants. Our findings suggest that plasma OT exhibits significant maturational changes in extremely preterm infants. This finding has important implications for future OT studies, namely, that researchers should incorporate strict age controls into their research designs because our results suggest that even a small difference of 1 week in age could equate to as much as a 15% difference in plasma OT. Our findings are consistent with those of prior cross-sectional sampling studies in term infants. Researchers studying 76 full-term infants found that plasma OT levels were lower at 4 days of life than at 0.5 hr of life, though the result was not statistically significant (Leake, Weitzman, & Fisher, 1981) . Others found significantly lower plasma OT levels in term infants at 7 versus 2 days of life (Kuwabara et al., 1987) . Future research is needed to find physiologic explanations for the maturational decrease in plasma OT levels. It may be that, over time, the immature infant OT system gains greater control over peripheral OT release from the pituitary, allowing buildup of OT in the brain and decline of circulating OT in the periphery. Alternatively, perhaps maternal OT, increased during labor and birth, crosses the placenta and contributes to elevated infant plasma OT levels early in the infant's OT trajectory. This explanation may also explain why urinary OT levels did not change with time. These questions could be answered with animal models comparing OT levels in the brain, plasma, and urine at different ages.
Interestingly, several cross-sectional studies conducted with expired fetuses have demonstrated significant increases in central OT levels between 11 and 42 weeks gestation, particularly in the hypothalamus and pituitary (Burford & Robinson, 1982) . An important research question remains as to whether OT levels in plasma are reflective of central OT. Microdialysis studies in rats show simultaneous release of OT in the hypothalamus and blood during nursing (Neumann, Ludwig, Engelmann, Pittman, & Landgraf, 1993) . Both plasma and CSF OT levels increase after intranasal and intravenous exogenous OT administration in primates (Dal Monte, Noble, Turchi, Cummins, & Averbeck, 2014; Freeman et al., 2016) and humans (Striepens et al., 2013) , so there is evidence that the central and peripheral . Plasma and urinary oxytocin trajectories in extremely premature infants. As seen in the figure, plasma oxytocin (OT) levels significantly decreased with increasing weeks of corrected gestational age (CGA), whereas urinary OT levels did not show a trend with age. Mean urinary OT levels were higher at 33-34 weeks CGA than at previous ages, but this difference was not statistically significant. OT systems communicate with and respond to each other. In animal models, the central and peripheral OT systems can communicate with each other and influence behavior through afferent inputs, including the vagal nerve (Brown, Bains, Ludwig, & Stern, 2013) . Human correlational studies of endogenous OT levels in plasma and CSF under basal conditions have been contradictory, with one study showing significant correlations in children (Carson et al., 2015) , but others showing no significant relationships in adults (Kagerbauer et al., 2013; Martin et al., 2014; Veening, de Jong, & Barendregt, 2010) . Regardless of whether peripheral OT is representative of central OT release, the ability of the peripheral OT system to communicate with and influence the central system suggests that plasma OT may be a useful biomarker in human infants if correlated with infant outcomes. In our sample, infant plasma OT levels indicated high individual stability over time, as evidenced by our computed ICC (r ¼ .75). Previous research has also confirmed strong stability of OT levels in plasma, including in pregnant women across each trimester (Levine, Zagoory-Sharon, Feldman, & Weller, 2007) and across a 5-month period in mothers (r ¼ .91) and fathers (r ¼ .88) when their infants were 1-6 months of age (measures were taken at the beginning and end of the period; Feldman et al., 2013) . Our results in the present study provide the first documented support for the reliable measurement of plasma OT during infancy, especially in premature infants during a time in which they are undergoing rapid maturational changes in the central nervous system. Our exploratory analysis revealed that plasma OT levels declined more readily in infants with higher Apgar scores. Higher plasma OT levels at 27 weeks CGA and subsequent declining OT levels in infants with higher Apgar scores may serve as support for the hypothesis that OT is neuroprotective at birth and declines after severe birthing stress is removed (Kenkel, Yee, & Carter, 2014; Khazipov, Tyzio, & Ben-Ari, 2008; Tyzio et al., 2006) . In rodent models, OT changes the action of g-aminobutyric acid to an inhibitory neurotransmitter (Leonzino et al., 2016) , which reduces neuronal activity and metabolism and provides fetal neuroprotection during episodes of perinatal hypoxia and glucose deprivation (Tyzio et al., 2006) . It is possible that for infants with a poor outcome at delivery, the OT system is dysregulated and cannot provide the same neuroprotection as it does in infants with normal Apgar scores and greater physiologic stability at birth. However, due to the exploratory nature of the present analysis, more research is needed to replicate our findings.
The data did not support our hypothesis that plasma and urinary OT levels would be correlated over time. Urinary OT levels did not follow the significant declining trend over time that we observed in plasma. Moreover, the individual stability of urinary OT levels (r ¼ .62) was lower than that of plasma levels (r ¼ .75). Thus, urine may not be an acceptable candidate for measurement of OT in extremely premature infants. However, replication studies with more refined collection protocols are necessary before drawing any definite conclusions. While there have been studies showing a lack of correlation between endogenous plasma and urine OT levels in pregnant women (Feldman et al., 2011) and anorexic individuals (Hoffman et al., 2012) , animal (Polito et al., 2006; Romero, Nagasawa, Mogi, Hasegawa, & Kikusui, 2014) and human (Francis et al., 2016) mechanistic studies show that both plasma and urinary OT levels increase reliably after exogenous OT administration. Limitations in our research procedures may have contributed to increased variability in urinary OT levels. For example, small remnants of stool or diaper cream could have contaminated our specimens, although our team was careful to discard visibly contaminated specimens. A urine bag collection would have reduced potential interaction or contamination, but we chose not to use this method because of potential damage to the infant's immature skin and because stress to the infant would have been increased. Furthermore, urinary OT levels represent an average measure during the time required to fill the bladder and void, as opposed to the instantaneous measure of plasma OT levels. Researchers have claimed that the acidity of the urine acts as a preserving agent and prevents OT from degrading prior to assay (Reyes et al., 2014) . In order to minimize stressful procedures, we did not catheterize infants for a more instantaneous measure. Researchers need to determine how unstable urinary OT samples are due to degradation and to variability in sampling procedure.
One study limitation was the amount of missing data. However, our statistical analysis strategy using LMM is robust to intermittent missing data, and missing data are common phenomenon in longitudinal research designs with premature infants. An additional limitation was the smaller number of samples we collected at earlier weeks of CGA, during which mean OT values increased in contrast to our overall study finding of decreases in plasma OT levels. The paucity of data in infants <30 weeks CGA precludes separate interpretation by age-group. In future studies, a stratified sampling procedure would assist in balancing numbers across gestational ages, enabling analyses related to specific gestational ages. In spite of these limitations, we were able to detect a significant effect of age in plasma OT levels. A significant strength of our sample was the demonstration of good generalizability for our geographic region, with excellent variability in maternal demographics, including maternal age, education, income, and race. Infants for our sample also demonstrated good variability in birth weight, gender, race, and Apgar score.
Our results in the present study provide promise for the use of plasma OT as a biomarker in future studies, as differences between infants in their relative OT levels may predict neurodevelopmental outcomes. Future studies should also consider the measurement of plasma OT for the evaluation of nursingbased interventions that are hypothesized to harness the mother-infant dyad's natural OT systems (e.g., breastfeeding and skin-to-skin contact). Implementation of these nursing interventions might support OT processes, mitigate OT dysregulation, and ultimately promote infant neurodevelopment.
Conclusion
The addition of OT to existing measures of neurobiological processes underlying development represents progress toward a more comprehensive, scientific investigation of early human development. Our study is the first to monitor plasma and urinary OT levels over time in any population of infants. Our study is also the first to demonstrate strong stability of OT in premature infants. More research is needed to determine norms for peripheral levels of OT across different gestational ages. Our findings provide a foundation for future research that uses OT as a biomarker of hormonal processes that provide neuroprotection and promote neuromaturation in premature infants.
